We We have described a set of four tester strains of Salmonella typhimurium designed for detecting and classifying mutagens (1-4). Each strain, which has been selected for its sensitivity and specificity, can be reverted back to the wild type by particular mutagens. In addition, the strains have a deleted excision repair system and, consequently, are very much more sensitive to various mutagens. These strains are very valuable for detecting carcinogens as mutagens. The present paper describes a marked improvement in sensitivity obtained with new lipopolysaccharide (LPS)-defective derivatives of the strains, additional information as to specificity of frameshift mutagenesis, and methods for handling the strains.
We have described a set of four tester strains of Salmonella typhimurium designed for detecting and classifying mutagens (1) (2) (3) (4) . Each strain, which has been selected for its sensitivity and specificity, can be reverted back to the wild type by particular mutagens. In addition, the strains have a deleted excision repair system and, consequently, are very much more sensitive to various mutagens. These strains are very valuable for detecting carcinogens as mutagens. The present paper describes a marked improvement in sensitivity obtained with new lipopolysaccharide (LPS)-defective derivatives of the strains, additional information as to specificity of frameshift mutagenesis, and methods for handling the strains.
MATERIALS AND METHODS
Compounds. We are indebted to H. J. Creech for ICR-191 and to J. A. Miller and H. Bartsch for nitrosobiphenyl and the fluorene compounds (4), except for 2-nitrofluorene (from Aldrich), 2,7-diaminofluorene (from Sigma), and 2,7-diacetylaminofluorene (from Schuchardt). 4-Nitroquinoline-N-oxide was purchased from Schuchardt, 9-aminoacridine was from Sigma, and methyl-nitro-nitroso-guanidine was from Aldrich.
Bacterial Strains. Each strain ( Table 1) contains one of four mutations in the histidine operon resulting in a requirement for histidine. These four mutations are discussed in detail in Results. The deletion through the uvrB region of the chromosome eliminates the excision repair system for DNA. The gal and rfa (deep rough) mutations eliminate, to different extents, the polysaccharide side chain of the LPS that coats the bacterial surface, making the bacteria more Abbreviation: LPS, lipopolysaccharide.
permeable and completely nonpathogenic. The TA1535 set (TA1535, TA1536, TA1537, TA1538), which is rfa and uvrB, is recommended for general testing for mutagens and carcinogens in vitro, as it is the most sensitive to mutagenesis. The TA1975 set is used for examining the effect of repair on mutagenesis and killing (in comparison to the TA1535 set). The TA1950'set and TA1530-set are less sensitive to mutagens in vitro, but may be required for use in the hostmediated assay in which Salmonella strains are incubated in the peritoneum of a mouse or rat (5 derivatives of the tester strains were isolated from the TA1530 set of strains, which already carried deletions through the gal-bio-uvrB region of the chromosome (1, 2) , by selection for bacteria resistant to C21 phage (6) . Phage C21 will lyse gal deletion mutants, but not the deep rough strains or the wild type. The C21-resistant colonies were picked from confluent-lysis plates (nutrient agar) and purified. They were then screened for sensitivity to sodium deoxycholate (2 mg) AuvrB TA1950 TA1951 TA1952   TA1534   Agal AuvrB TA1530 TA1531 RA1532  TA1964   rfa   AuvrB TA1535 TA1536 TA1537  TA1538  rfa  +  TA1975 TA1976 TA1977  TA1978 All strains were originally derived from S. typhimurium LT-2. Wild-type genes are indicated by a +. The deletion (A) through uvrB also includes the nitrate reductase (chl) and biotin (bio) genes. The Agal strains (and the rfa uvrB strains) have a single deletion through gal chl bio uvrB. The rfa, repair+ strains (last row) have a mutation in galE. 782 and crystal violet (10 Mug) , which were applied to sterile filter paper discs (6 mm) Table 2 . It can be seen that as the ring system increases in size the advantage of using the rfa derivatives becomes more pronounced.
Comparison of strains with and without excision repair
The difference in the number of revertant colonies between a strain with and without repair is useful in determining whether a frameshift mutagen is a simple or a reactive intercalator (1) (2) (3) (4) . This comparison was previously done with the pair TA1534/hisD3052, but we have now constructed a new pair, TA1538/TA1978, which is much more -sensitive because both strains have the defective, deep-rough LPS. The differences between TA1538 and TA1978 or between TA1534 and hisD3052 can be' seen in Fig. 1 , in which the sensitivity to reversion of the histidine mutation, hisD3052, by 2-nitrosofluorene, a reactive intercalator, is compared.
The new pair of deep rough strains is also much more sensitive in the repair test, a comparison of zones of killing by a compound. If the strain without repair (TA1538) is more sensitive to killing by a compound than the strain with repair (TA1978), then the compound is deduced to be killing because of a covalent reaction with DNA. This type of test has been studied in detail for the polA mutants in E. coli (9) and for the rec system in B. subtilis (10) . We have used it for the uvrB excision repair system in our Salmonella strains (1, 2) . The repair test for several compounds is shown in Table 3 . Our repair test is well over 10-times more sensitive than the polA test, based on the reported zone of killing for 2-nitrosofluorene (9) compared to Table 3 . One limitation of the repair test is that it does not detect simple intercalating mutagens, as shown in Table 3 for 9-aminoacridine, ethidium bromide, quinacrine, and ICR 364-OH, which are equally inhibitory to both strains. Another limitation is that the repair test with uvrB does not detect a difference with methylating agents (and ethylating agents), as has been discussed in connection with the influence of uvrB on mutagenesis (2). The polA test (9) does detect methylating agents and the polA deep rough derivative of hisG46 is being constructed.
Nature and specificity of the tester strains
The specificity of the most sensitive set (deep rough and lacking repair) of the four tester strains can be seen in Table 4 . Some of the mutagens are fairly specific for reverting one of the strains and not the others, and these mutagens can be used as positive controls for checking out the strains when testing new compounds.
TA1535. This strain contains the histidine mutation hisG46, which is a missense mutation (11 The number of revertants caused by the mutagen on each plate is shown with the control subtracted: control plates never had more than 20 colonies. The mutagens were added to the top agar in dimethylsulfoxide, except for the ICR compounds, which were in sterile water, and 2-nitrosofluorene, which was in 95%
ethanol. ICR-191 is a substituted acridine and ICR-312 is a substituted benzacridine (13) . frameshift mutations. It is not clear which base pair changes can revert the strain, but we suspect that most, if not all, of the six possible base pair substitutions can be detected with this strain.
TA1536. This strain contains the histidine mutation hisC207, a frameshift mutation (11, 12) . It is reverted by various acridine half-mustards, the ICR compounds (12, 13) , but not by any of the various otheri frameshift mutagens we have tried. This is the least useful of our tester strains, as ICR can also be detected easily with TA1537 (and TA1538) ( Table 4) . We are leaving it in the set as it is the most sensitive to ICR-191. It is not clear what the frameshift mutation is in this strain, but as ICR-191 is likely to react with a G, we suspect that a GC is involved. It does not appear to have the CCCCG-sequence present in TA1537, or the alternating G-C sequence that is present in TA1538. In an experiment analogous to that described for TA1537, we have shown that the hisC207 mutation is not suppressible by the sufB, -CCCC-, frameshift suppressor (TA1951, hisC207 uvrB, donor; TR944 recipient). Oeschger and Hartman suggest that frameshift mutations such as hisC207 that do not revert at all with methyl-nitro-nitrosoguaiidine (Table 4 ) are likely to be deletions of a base pair (14) .
TA1537. This strain contains the histidine frameshift mutation hisC3O76 (14) . The following evidence suggests that the frameshift mutation in this strain has an added base -Cpair resulting in CCCC It is suppressed by a frameshift -CCCC- (10 ,ug) 19 (11) 20 ( The zones of killing produced by various test compounds are compared for the deep rough tester strains with (TA1978) and without (TA1538) excision repair. The data in parentheses are for a similar pair (hisD3052/TA1534) with a normal LPS. Diameters less than that of the disc (6 mm) cannot be measured. For a given test compound and strain, the diameter of the zone of killing is roughly proportional to (amount of compound)'. ICR-372 is an alkylating and ICR 372-OH a nonalkylating derivative The number of colonies per plate is shown: the spontaneous controls have not been subtracted.
suppressor sufB of Riddle and Roth (15) , which they have shown to be a mutation in tRNAPro that suppresses +1 frameshift mutations of the -CCCC-type. This is likely to be caused by an added G in the normal -GGG-anticodon of the proline tRNA (15) . We transduced TR944 (sufB hisO1242 hisA2236) (15) with P22 phage grown on hisC3076 on a plate with no histidine, and found 5000 very small transductants (presumptive suppressed strains) and 250 large transductants (presumptive wild-type recombinants). Two of the small transductants were checked out by crossing with histidine deletions. We conclude they contain a suppressor, as they still contained the original histidine mutation. A control plate using the histidine deletion without the suppressor (TA462) as the recipient showed only 114 large, presumptive wild types. Another control plate with a known suppressible mutant (15) (hisC3737 in TR970) transduced into TA944 gave about 3500 small colonies. TA1537 is reverted weakly by methylnitro-nitrosoguanidine (Table 4) , a finding consistent with the properties of a +1 frameshift addition in a CCCC -CCCCsequence (14, 16) . The TA1537 tester strain is reverted by (Table 4 ) and epoxides of polycyclic hydrocarbons (3), among other agents. It is reverted by various carcinogenic polycyclic hydrocarbons that have been activated by a mammalian microsomal system (manuscript in preparation).
TA1538. This strain contains the hisD3052 frameshift mutation that was first used by Hartman et al. (17) to show that 4-nitroquinoline-N-oxide and hycanthone were frameshift mutagens. We have discussed (4) The LPS that is normally present on the surface of S. typhimurium apparently acts as a partial barrier to the passage of mutagens to the membrane, as shown by the marked increase in the sensitivity to mutagens of LPS-defective strains. We first tried this approach when it was found that dibenz(a,h)anthracene epoxide did not work as a frameshift mutagen, although the closely related carcinogen benzanthracene epoxide did. We reasoned that the large size of the compound might prevent its entrance into the bacteria, and indeed we found that introducing the rfa mutation into the tester strain enabled us to detect the mutagen (3). This rfa mutation causing a shortened LPS has been put into all of our tester strains and gives a marked increase in sensitivity in detecting mutagens: the larger the ring system, the more pronounced the effect.
The genetics and biochemistry of the LPS of Salmonella have been investigated in detail (6) . A deletion through the gal operon eliminates galactose synthesis from the cell and, therefore, the LPS loses the part of the polysaccharide chain that is distal to the first galactose unit. The rfaF and rfaE mutants (deep rough) are defective in enzymes that are responsible for the synthesis of the polysaccharide distal to the ketodeoxyoctanoate-lipid core and are particularly sensitive to deoxycholate and various antibiotics and other large compounds (6, 18) . These mutations presumably cause the maximum permissible stripping of the LPS without lethality.
We have discussed the advantages of this Salmonella system for the detection of mutagens (1-4). We have screened many mutants to obtain those that were most sensitive to a wide variety of mutagens, then we increased the sensitivity by several orders of magnitude by introducing mutations in the repair system and the LPS. A comprehensive set of backmutation tester strains has certain practical and theoretical advantages over a single forward mutagenesis assay (1, 2) . The proof of the advantages of this set is its comprehensiveness in detecting the known classes of mutagens at very low concentrations (1-4) and its utility in making the correlation between carcinogenicity and mutagenicity (1-4, and manuscript in preparation).
Although acid resistance, even though it clearly is a very powerful mutagen for the G-C-G-C-G-C sequence. We calculate that this sequence is a rare one in DNA (it might occur in only about 25% of the genes) and, thus, it is reasonable that it may not occur in any one particular gene.
We have combined these test systems with a mammalian liver microsomal system (manuscript in preparation), and have shown that an extremely wide range of chemical carcinogens, become powerful mutagens through metabolic activation and can be detected with great sensitivity and simplicity.
